Abstract A method for determination of the neurotoxic nonprotein amino acid 3-N-oxalyl-2,3-diaminopropionic acid (ODAP) and other free amino acids in Lathyrus cicera and Lahtyrus sativus is presented. Seed extracts were derivatised by reaction with diethyl ethoxymethylenemalonate (DEEMM) and analysed by reversed-phase high-performance liquid chromatography (RP-HPLC). Calibration curves showed very good linearity of the response. The limits of detection (LOD) and quantification (LOQ) were 0.15 and 0.50 μM, respectively. The method has a high intra-[relative standard deviation (RSD)<0.42 %] and inter-repeatability (RSD = 2.01-2.33 %) and a remarkable accuracy with a 99 % recovery in spiked samples. The method yielded similar results in comparison with a previously established colorimetric method. The method is very easy to carry out and allows for ready analysis of large number of samples using very basic HPLC equipment because the derivatised samples are very stable and have very good chromatographic properties.
Introduction
The genus Lathyrus (Leguminosae) includes 187 species and subspecies that are found in Eurasia, North America, temperate South America and East Africa, which are used for animal feedstock, human consumption, and for ornamental purposes (McCutchan 2003) . Many of these species can grow in poor soils and in drought conditions, and are especially resistant to diseases and frost, representing a good alternative to other more demanding crops (López Bellido 1994) . Lathyrus sativus and Lathyrus cicera are the most common species in the genus. Their seeds represent a good source of protein for animals, and their content in anti-nutritional factors is not higher than the content in other commonly used feed grain legumes (Hanbury et al. 2000) . The seeds of L. sativus are also consumed by humans in some Asian an African countries including India, Nepal, Pakistan, Bangladesh and Ethiopia, and are also used for preparation of some traditional dishes in Spain and Portugal ('gachas', 'chicharada', etc.) (Campbell 1997; Caminero Saldaña and Grajal Martín 2009) .
Nevertheless, the presence of β-N-oxalyl-L-α,β-diaminopropionic acid (β-ODAP) in the seeds limits the expansion of these crops. β-ODAP is a non-protein amino acid responsible for the neurolathyrism syndrome in animals and humans. Neurolathyrism is characterised by weakness of the hind limbs and paralysis or rigidity of the muscles, but only appears after consumption of large quantities of the seeds for long periods of time. The mechanism of this neurotoxicity is still not completely understood, and there is a high interindividual and inter-species variation in susceptibility to β-ODAP. Recent studies have shown that the onset and development of neurolathyrism also depends on the existence of other conditions such as a poor overall nutritional status, low availability of sulphur amino acids and reduced thiols, oxidative stress and the presence of other anti-nutritional components (Vaz Patto 2009; Enneking 2011) . To our knowledge, there are no varieties of Lathyrus free of β-ODAP although there are some varieties low in the toxin (Van Moorhem et al. 2011; Sánchez-Vioque et al. 2009 ). Some breeding programs have resulted in varieties with a combination of good characteristics including low β-ODAP, high yield, appropriate phenology and stress tolerance (Kumar et al. 2011) .
The most popular method for the analysis of ODAP is the spectrophotometric determination of the product resulting from the reaction between 2,3-diaminopropanoic acid and ophthaldialdehyde (OPA) in the presence of mercaptoethanol. This reaction follows the conversion of ODAP to 2,3-diaminopropanoic acid by alkaline hidrolysis (Rao 1978) . Nevertheless, this colorimetric method does not discriminate between β-and α-ODAP, which is a non-toxic isomer also present in the seed. Moreover, it cannot be used with the green parts of Lathyrus because pigments interfere with the determination. Several methods for a selective determination of β-ODAP have been proposed, including methods based on high-performance liquid chromatography (HPLC) (Chen et al. 2000; Yang et al. 2005; Thippeswamy et al. 2007; Fikre et al. 2008) , capillary zone electrophoresis (Arentoft and Greirson 1995; Zhao et al. 1999a; Onar et al. 2014) , enzymatic reactions (Moges and Johansson 1994) and thin layer chromatography (Paradkar et al. 2003) . Some of these methods also allow for the determination of other free amino acids.
In this work, we present a method for determination of free amino acids, including α-and β-ODAP, in the seeds of Lathyrus sp., using pre-column derivatisation by reaction with diethyl ethoxymethylenemalonate (DEEMM) and reversed-phase HPLC (RP-HPLC) with UV detection at 280 nm. DEEMM is a universal reagent for amino groups and has been used in amino sugar (Gómez-Sánchez et al. 1984) and amino acid (Alaiz et al. 1989 ) chemistry, as well as for amino acid analysis (Alaiz et al. 1992; GomezAlonso et al. 2007; del Campo et al. 2008; Rebane and Herodes 2010; Rebane et al. 2011; Begoña, et al. 2013) . This method has now been adapted so that it allows for the determination of α-and β-ODAP and other free amino acids including homoarginine, a free amino acid, which is also of interest because of its bioactive properties. The main advantages of this method are the stability of the derivatised amino acids and its simplicity, accuracy, sensitivity and repeatability.
Materials and Methods

Plant Material
L. sativus flour was purchased in a local market, and L. cicera seeds were provided by the plant breeding project at the Centro Agrario de Albaladejito (Cuenca, Spain) or donated by Bank of Plant Germplasm of Cuenca, BPG-Cuenca (Cuenca, Spain). Seeds were collected at full maturity and were allowed to dry at room temperature before storage at −20°C in falcon tubes. From each sample, around 30 g of seeds was randomly selected and ground using a MM 301 mill (Retsch, Haan, Germany).
Reagents
Potassium tetraborate tetrahydrate, DL-2,3-diaminopropionic acid monohydrochloride, OPA, DEEMM, L-homoarginine hydrochloride, DL-2-aminobutyric acid (internal standard, I.S.), amino acid standards, water (HPLC grade) and acetonitrile (HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and 2-mercaptoethanol was purchased from Merck (Whitehouse Station, NJ, USA). Standard α-and β-ODAP were purified from L. sativus (Rao et al. 1964; Harrison et al. 1977) .
Colorimetric Determination of ODAP ODAP was determined as described (Hussain et al. 1994) . Flour samples (500 mg) were extracted twice by stirring in 5 mL ethanol/water (6:4, v/v) for 30 min. The supernatants recovered after centrifugation at 4000 rpm for 30 min were taken to 10 mL. Two millilitres of these supernatants was hydrolysed in a screw cap tube by addition of 4 mL 3 M KOH and incubation at 100°C for 30 min. The reaction with OPA was carried out by mixing an aliquot (0.25 mL) of the hydrolysed extract, 0.75 mL distilled water and 2 mL reagent (100 mg OPA and 0.2 mL 2-mercaptoethanol in 100 mL 0.5 M potassium tetraborate buffer pH 10.0). Absorbance at 425 nm was measured after incubation for 30 min at room temperature. The procedure included three blanks: 0.25 mL non-hydrolysed extract+0.75 mL distilled water+2 mL of the OPA reagent (OPA blank); 0.25 mL non-hydrolysed extract+ 0.75 mL distilled water+2 mL tetraborate buffer (sample blank); and 0.25 mL hydrolysed extract+0.75 mL distilled water+2 mL tetraborate buffer (buffer blank). The final absorbance was given by: A=(A sample−A buffer blank)−1/3 (A OPA blank−A sample blank). A calibration curve was made using DL-2,3-diaminopropionic acid monohydrochloride as standard and a conversion factor to ODAP of 1.69 (Aletor et al. 1994 ).
Chromatographic System
The HPLC system (Beckman-Coulter) consisted of a 126 solvent module, 166 detector and IBM personal computer. Data acquisition and processing were carried out using 32 Karat 7.0 version software (Beckman-Coulter). Samples (20 μL) were injected in a reversed-phase column (Novapack C18, 300 × 3.9 mm i.d., 4 μm, Waters).
Mobile phase A consisted of 25 mM glacial acetic acid and 0.02 % sodium azide in water (w/v) adjusted to pH 6.0. Mobile phase B was acetonitrile. Mobile phases were filtered through a 0.45-μm membrane filter. For binary gradient elution, the program is shown in Table 1 . The column was maintained at 18°C and operated at a flow rate of 0.9 mL/min.
Preparation of Sample
Samples (4.0 mg in 1.5 mL Eppendorf tubes) were stirred in ethanol/water (6:4v/v, 1 mL) for 30 min at room temperature using a vortex mixer at full speed equipped with a tube holder (Labnet Biotecnica S.L., Madrid, Spain) and centrifuged at 88 50× g fo r 10 m in u sing an Ep pe ndo rf 54 15 R microcentrifuge (Hauppauge, NY, USA). Pellets were reextracted twice more, and the resulting supernatants were pooled and taken to dryness under nitrogen.
Pre-column Derivatisation
Samples were dissolved in 990 μL 1 M borate buffer pH 9.0, followed by addition of 8 μL I.S. (0.424 g/L) and 2 μL DEEMM. The solution was thoroughly mixed and incubated at 50°C for 50 min. Samples were filtered through 0.22-μm membranes before injection into the HPLC system (20 μL).
Validation of the Method
Validation was carried out by determination of linearity, limit of detection (LOD), limit of quantification (LOQ), repeatability and accuracy (recovery) (Taverniers et al. 2004) . Calibration curves were drawn by plotting the peak area ratios of analytes/internal standard against reference analyte concentrations (determined in triplicate). LOD and LOQ were calculated by injecting diluted standard solutions to determine the concentrations corresponding to a signal/noise ratio (S/N) of 3 and 10, respectively. The repeatability of the method was determined by the same analyst from the relative standard deviation (RSD) of the peak area based on eight runs of a standard mixture over 1 day (intra-day repeatability), and from the RSD of the peak area based on eight runs of a standard mixture on independent days (inter-day repeatability). Accuracy was tested by the standard procedure of adding three consecutive concentrations (5, 10 and 20 μM) of each type of stock solution (α-and β-ODAP and L-homoarginine hydrochloride) to a sample of seed. Non-spiked sample replicates (blank) were used to determine the initial α-and β-ODAP and Lhomoarginine contents of the seed. The percentage recovery at each concentration was calculated as [(amount found in the sample spiked sample)−(amount found in the blank)/(amount added]×100. Finally, evaluation of the method was completed by comparison with data obtained by a colorimetric method (OPA method).
Statistical Analysis
The RSD was calculated according to the formula RSD=s/μ× 100, where s is the standard deviation and μ is the average value. It was expressed as a percentage. The Microsoft Office Excel 2003 data analysis package was used for statistical analysis.
Results
Twenty-six amino acids were separated and identified (Fig. 1a) . The DEEMM derivatives of β-ODAP, α-ODAP and homoarginine eluted at 4.3, 6.0 and 16.5 min, respectively, and their peaks did not overlap with any other amino acid. Homoarginine was the major free amino acid in the seeds, although significant amounts of aspartic acid, glutamic acid, asparagine, arginine and β-ODAP (especially in L. sativus) were also found (Fig. 1b) .
Analysis of 0.50-100 μM α-and β-ODAP and 0.50-450 μM homoarginine showed a linear response (r>0.999), low LOD (0.15 μM) and low LOQ (0.50 μM) ( Table 2) . Peak areas for derivatised α-ODAP, β-ODAP and homoarginine were essentially unchanged for at least 1 week at room temperature as indicated by the low inter-day repeatability (RSD= 2.01-2.33 %). The intra-day repeatability with a RSD below 0.42 % was excellent. The accuracy of the method is also supported by the recovery of α-ODAP, β-ODAP and homoarginine from seed extracts to which 5, 10 or 20 μM α-ODAP, β-ODAP and homoarginine were added. About 99 % recovery (RSD=2-4 %) was possible after extraction and derivatisation (Table 3) . The contents of α-and β-ODAP in 20 different samples of L. sativus and L. cicera determined by the HPLC method and by the OPA colorimetric method (Hussain et al. 1994) were in general consistent (Table 4) . Contents of α-and β-ODAP of L. cicera samples ranged from 0.017 to 0.058 g/100 g and from 0.092 to 0.302 g/100 g, respectively, that is, the content of β-ODAP was about four to seven times higher than that of α-ODAP. Sample of L. sativus showed a content of β-ODAP (0.53 g/100 g) clearly superior to those of L. cicera. However, homoarginine was the main free amino acid in Lathyrus sp. whose contents ranged from 0.905 to 1.567 g/100 g. Other amino acids like aspartic and glutamic acids, asparagine and arginine also showed a large variability among samples.
Discussion
Pre-column derivatisation of α-ODAP, β-ODAP and standard non-protein amino acids by reaction with DEEMM resulted in derivatives that showed a very good chromatographic behaviour in reversed-phase HPLC and were detected at 280 nm with no interference from the reagent (Fig. 1) . Free amino acid profiles of samples showed a predominance of homoarginine, α-and β-ODAP, aspartic and glutamic acids, asparagine and arginine, and they were similar to others previously reported for these species (Fikre et al. 2008) . Fig. 1 HPLC analysis The α-ODAP, β-ODAP and homoarginine DEEMM derivatives were very stable as can be deduced from the low inter-day repeatability of the method, which allows for the storage of samples for several days at room temperature before analysis thus facilitating their processing ( Table 2) . The low LOQ, the wide range of linearity and a high accuracy are also positive aspects of this method, especially in the screening of a large number of samples in breeding programs aimed to select seeds with a reduced content of β-ODAP.
The seeds of L. cicera showed a high variability in the contents of α-and β-ODAP probably due to a low degree of domestication of this species (Table 4) . However, the ratio between β-and α-ODAP was within the range previously established for these compounds (Khan et al. 1993; Moges and Johansson 1994) although the equilibrium between both depends on the temperature, and the isomerisation of β-to α-ODAP can be increased by heating, which constitutes a way to decrease the content of the neurotoxin (Zhao et al. 1999b) .
Homoarginine was largely the most abundant free amino acid in all analysed samples. Both positive and negative physiological effects have been attributed to this amino acid and hence the importance of its accurate determination in the seeds of Lathyrus sp. The role of homoarginine as a substrate for the synthesis of nitric oxide, an important mediator of vascular tone and the inflammatory response, has been highlighted to the point that it is being proposed as a component in the diet that can promote cardiovascular health (Rao 2011 ). The conversion of homoarginine to lysine by the mammalian liver has been described and could help to increase the supply of this essential amino acid to the diet (Bell 2003) . Nevertheless, Breitner (1988) postulated that the presence of homoarginine in gene activator-repressor histones may be a direct cause of most cancers. Homoarginine is also a modulator of nitric oxide, which mediates glutamate neurotoxicity (Dawson et al. 1991) .
As compared to other methods reported for determination of α-ODAP, β-ODAP and homoarginine, the major advantages of this method are its simplicity and the stability of reagents and derivatised amino acids, which allows for accurate, easy determination of α-ODAP, β-ODAP and homoarginine in a large number of samples using unsophisticated equipment such as a basic HPLC system with an UV detector. Other HPLC methods, which are in general superior to earlier spectrophotometric method (Rao 1978) , require more sophisticated equipment and are more time consuming. Pre-column derivatisation using 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate and UV detection has been applied for the HPLC analysis of α-ODAP, β-ODAP and homoarginine in plant tissues (Chen et al. 2000) . The α-ODAP, β-ODAP and homoarginine were eluted at 17.16, 13.83 and 25.55 min, using ternary gradient. These derivatives decomposed easily when they were irradiated by UV light (254 nm) at room temperature. Analysis of dilutions of α-and β-ODAP from 0.32 to 32 nmol showed a linear response in this range with r >0.999, and LOD for both isomers were 0.01 nmol. Phenyl isothiocyanate has also been used as a pre-column derivatisation reagent for HPLC determination of α -O D AP, β -ODAP and homoarginine in plant tissue (Fikre et al. 2008 ), but the authors do not show data validation. Pre-column derivatisation using ο-phthalaldehyde and UV (340 nm) and fluorescence detection has been applied for the HPLC analysis of β-ODAP in plant tissues (Thippeswamy et al. 2007 ). The β-ODAP was eluted at 13.60 min. A linear relationship (r > 0.999) between peak area and β-ODAP concentration was observed over a range of 2.4-1250 μM, when detected at 340 nm, and 0.15-625 μM, when detected by fluorescence. The LOD by fluorescence was 0.125 μM. Finally, para-nitrobenzyloxycarbonyl chloride has also been used as a pre-column derivatisation reagent for HPLC determination of α -O D AP, β -ODAP and homoarginine in plant tissue (Yang et al. 2005) . The α-ODAP, β-ODAP and homoarginine were eluted at 17.5, 12.1 and 4.8 min, respectively. Analysis of dilutions of α-, β-ODAP and homoargine from 10 to 250 μM showed a linear response in this range with r>0.999 and LOD of 0.44, 0.48 and 0.48 μM, respectively.
Conclusions
RP-HPLC of DEEMM derivatives allows for determination of ODAP and other non-protein amino acids that are present in the seeds of Lathyrus. As compared to other methods, this Table 3 Recovery (mean and RSD) of the HPLC method for determination of free amino acids in L. cicera (sample 20 of the procedure has a number of advantages that, taken together, prove the value of this new approach. Thus, this method is an extension of a well-established method for the determination of amino acids that is easy to carry out in any standard HPLC device and can be used to easily process a high number of samples because the derivatised amino acids are stable even at room temperature. The analysis is based on the very good chromatographic and absorption characteristics of the DEEMM derivatives, which allow for very good resolution of the peaks, as well as very good sensitivity and repeatability. Compliance with Ethics Requirements This article does not contain any studies with human or animal subjects.
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